Abstract: Supercritical once-through utility boilers are increasingly common in flexible operations in China. In this study, the tube temperature changes at a vertical water-cooled wall are analyzed during a fluctuating flexible operation. There are considerable differences in the temperatures of the parallel tubes at the minimum load, and the resulting thermal stress distributions at a front water-cooled wall are established using structural calculation software ANSYS 17.1, USA. A wide thermal stress distribution occurs among the parallel tubes, and the local cyclic stress amplitudes under flexible operation are higher than those under cold, warm, hot, or load-following operations. Because of the water wall expansion structure at the furnace, the higher tube temperature areas suffer from compressive stress, while the lower tube temperature areas suffer from tensile stress. During flexible operation, combustion uniformity and a two-phase flow distribution can improve the safety of vertical water-cooled wall operation. The minimum load of the utility boiler should be set as a limitation, and the tube temperature is an important parameter affecting the thermal and cyclic stresses.
Introduction
Because of the penetration of renewable energy in the power grid, the fluctuations in the residual load of the power grid have been increasing for fossil fuel power plants. The power grid requires a flexible power system to provide backup capacity for longer periods with little variable renewable energy source (RES) feed-in [1] . The operational flexibility requirements on fossil fuel power plants demanded from variable RESs are as follows: (1) Increasing the ramp rate; (2) reducing the minimum load; (3) decreasing the efficiency losses for part-load operations; and (4) maintaining the safety of pressured components and environmental requirements [2] . In the next 10 years, the power system in certain areas of China may suffer a similar situation as in Europe as the power output from fossil fuel power plants continues to decline and the renewable energy penetration into the power grid continues to increase; this situation is exemplified by the 12% increase to 679 TWh from wind, solar, and biomass generation in 2017, putting wind, solar, and biomass above coal generation for the first time in Europe; just five years ago, coal generation was more than twice that of wind, solar, and biomass [3] .
Flexible power generation is a new operational mode that can be used to secure reliable, affordable, and sustainable power production. The number of applications of a given degree of cyclic stress to which a component can be subjected before failure is known as the fatigue lifetime of the component. The minimum load of coal-fired utility boilers can reach at 25-40% BMCR (boiler maximum continuous rate), depending on the safety requirements of the utility boiler water circulation loop, the heating surface, and combustion stability under lower load [4] .
Modliński pointed out that lower steam flow rates and poor heat dissipation conditions could result in tube rupture from the local overheating of the heat exchanger material during flexible operation. It is thus necessary to keep an eye on maintaining uniform temperatures of the tube metal at the heating surface of the utility boiler [5] .
In 2001, EPRI (Electric Power Research Institute) researchers listed the problems arising from thermal cycling and low-load operation of fossil fuel plants caused by thermomechanical cycling of the tube attachments. The thermal fatigue lifetime can be estimated using ASME (American Society of Mechanical Engineering) fatigue design [6, 7] . Researchers in Poland presented the problems of start-up for a utility boiler from the cold, warm, and hot states. The permissible heating and cooling rates of thick-walled components of the utility boilers, i.e., drums and the main steam outlet header were determined using European Standard EN 12952-3. A stress analysis of the maximum values of the circumferential, axial, and shear stresses during the operation cycle of the steam boiler was completed [8] .
Engineers Canada discussed the low-cycle fatigue failures in tubes in proximity to the weld attaching the tubes to the header in economizers and superheaters of horizontal gas path (HGP) HRSGs (Heat Recovery Steam Generator) during start-ups and shutdowns. The tube temperature distribution along the parallel tubes at the header had a larger tube temperature difference during the transient process of start-up and shutdowns [9] .
In most of the literature, the thermal stresses in thick-walled components such as headers and turbines are considered critical for flexible operation at large-scale power plants, but the tube metal at the heating surface of the water-cooled wall, superheater, and reheater is also important for safe and reliable operation [4, 5, [10] [11] [12] . The effect of cyclic load operation on the main pressured equipment and water circulation will suffer tube temperature fluctuations in a cyclic manner from thermal stress and fatigue [13] . With the large variations in the load, as per the requirement of the power grid, the wear and tear of the equipment also increases, ultimately affecting the reliability of the unit via thermal expansion. To date, no thermal stress and cyclic stress evaluation has been performed on a water-cooled wall at minimum load in a utility boiler that is operating under uneven combustion and flow distribution conditions because of the lack of data from a power plant under flexible operation [14] [15] [16] [17] [18] [19] .
As mentioned above, although it is crucial to understand the reliability and safety of the main heating surfaces of a utility boiler for flexible operation, little available studies have focused on the operation safety at the vertical water-cooled wall of a supercritical utility boiler. In this paper, the tube temperature distributions and differences among parallel tubes along four side water-cooled walls are discussed based on the operating data of the DCS (Distributed Control System) in a supercritical utility boiler under flexible operation. A two-dimensional mathematical model of the front water-cooled wall is proposed to simulate the generation of cyclic thermally induced stresses at the tube attachment using the finite element software ANSYS (17.1, ANSYS, Canonsburg, PA, USA). The thermal stresses and cyclic stress at the maximum stress position of the water-cooled walls are analyzed. The simulation provides a reference for the safe operation of a peaking power plant under low fluctuating loads.
Case Study of a Utility Boiler
In Northeast China, several coal-fired power plants are already providing significant operational flexibility, adjusting their power output based on renewable energy feed-in and demand. Figure 1 shows the power output of a 2 × 600 MW peaking power plant from the years 2009 to 2016, during which the plant had a gradually decreasing annual power output. Because of the peaking operation, the load bandwidth during operating hours mainly remains in the range of 180 to 600 MW in this 600 MW power plant, as shown in Figure 2 . As per the requirement of the ancillary services of the Energies 2019, 12, 1170 3 of 18 power grid, the operating hours at an ultralow load of less than 300 MW exceeds 900 h every year. From 21 January to 2 February 2017, the power generation unit worked at 180 MW, corresponding to 30% of the boiler maximum continuous rate (BMCR), for more than 10 days in this case study.
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On the basis of the available utility boiler operation and design documentation, the main parameters of the utility boiler are listed in Table 1 . The utility boiler comprises a water-cooled dry-bottom furnace, a superheater, a reheater, an economizer, and air preheater components. The boiler is a Benson once-through utility boiler with single reheat, a recirculating pump, a dry ash discharge, a steel frame, a suspension structure, and double-pass and wall-fired combustion. The combustion systems consist of 30 low-NO X axial swirling burners (LNASBs) using a wall-fired layout. Six ZGM113G medium-speed pulverizers provide coal powder under the positive primary air system. This Benson boiler is a typical supercritical utility boiler widely used in the world. The design coal of this boiler is Shuang-ya-shan coal initially, after which the utility boiler switches to the use of blended coal, which is the design coal blended with lignite coal at different rates, depending on the operating load; lignite coal is exclusively used at the minimum load under flexible operation. Figure 3 shows the spiral and vertical water-cooled wall of the supercritical 600 MW pulverized coal unit furnace for variable pressure operation. The sloped tube, angled at 17.893 • from horizontal, wraps around the lower furnace in a single pass (spiral wound construction). At a point below the furnace nose, the furnace tubes transition to a vertical tube arrangement for the lower heat flux zone of the upper furnace. The membrane panels are composed of tube rows spaced on the centers wider than a tube diameter and are joined by a membrane bar securely welded to adjacent parallel tubes, which are the main topic of concern of this study.
Water-Cooled Wall Structure of the Utility Boiler
The utility boiler comprises a water-cooled dry-bottom furnace, a superheater, a reheater, an economizer, and air preheater components. The boiler is a Benson once-through utility boiler with single reheat, a recirculating pump, a dry ash discharge, a steel frame, a suspension structure, and double-pass and wall-fired combustion. The combustion systems consist of 30 low-NOX axial swirling burners (LNASBs) using a wall-fired layout. Six ZGM113G medium-speed pulverizers provide coal powder under the positive primary air system. This Benson boiler is a typical supercritical utility boiler widely used in the world. The design coal of this boiler is Shuang-ya-shan coal initially, after which the utility boiler switches to the use of blended coal, which is the design coal blended with lignite coal at different rates, depending on the operating load; lignite coal is exclusively used at the minimum load under flexible operation. Figure 3 shows the spiral and vertical water-cooled wall of the supercritical 600 MW pulverized coal unit furnace for variable pressure operation. The sloped tube, angled at 17.893° from horizontal, wraps around the lower furnace in a single pass (spiral wound construction). At a point below the furnace nose, the furnace tubes transition to a vertical tube arrangement for the lower heat flux zone of the upper furnace. The membrane panels are composed of tube rows spaced on the centers wider than a tube diameter and are joined by a membrane bar securely welded to adjacent parallel tubes, which are the main topic of concern of this study. To measure the uniformity among parallel tubes in flow circuits, the tube temperature thermocouples are installed at the outer wall of the spiral and vertical water-cooled wall every three to seven parallel tubes. Those thermocouples are calibrated periodically by maintenance technicians. The vertical water-cooled wall geometrical structure and parameters are listed in Table 2 . To measure the uniformity among parallel tubes in flow circuits, the tube temperature thermocouples are installed at the outer wall of the spiral and vertical water-cooled wall every three to seven parallel tubes. Those thermocouples are calibrated periodically by maintenance technicians. The vertical water-cooled wall geometrical structure and parameters are listed in Table 2 . On the basis of the operating data provided from the power plant, when the boiler is operated at the minimum load for a long period of time, a high tube temperature exists in the width direction at the front wall, as shown in Figure 4 . An instance of the maximum tube temperature distribution along the vertical water-cooled wall of four walls is chosen and adopted inside the furnace during flexible operation under the minimum load. The highest tube temperature along the front wall occurs at this moment. Adjacent wall temperatures reach at the highest value along the front wall width from 5 m to 7.5 m and from 12.5 m to 17.5 m, as shown in Figure 4 . At the left, back, and right walls, the tube temperatures maintain a relatively stable distribution below 340 • C. According to the operating data from the peaking power plant, large temperature fluctuations occur among the parallel tubes in the vertical water-cooled walls when the boiler remains under the minimum load of 180 MW for 13 days; in particular, in the front water-cooled wall of the boiler, the maximum temperature difference can reach nearly 160 • C at 15 m from left to right in Figure 4 . These large temperature differences adversely impact the safe operation of the utility boiler. Further research studies on the impact of these temperature differences are urgently needed. On the basis of the operating data provided from the power plant, when the boiler is operated at the minimum load for a long period of time, a high tube temperature exists in the width direction at the front wall, as shown in Figure 4 . An instance of the maximum tube temperature distribution along the vertical water-cooled wall of four walls is chosen and adopted inside the furnace during flexible operation under the minimum load. The highest tube temperature along the front wall occurs at this moment. Adjacent wall temperatures reach at the highest value along the front wall width from 5 m to 7.5 m and from 12.5 m to 17.5 m, as shown in Figure 4 . At the left, back, and right walls, the tube temperatures maintain a relatively stable distribution below 340 °C. According to the operating data from the peaking power plant, large temperature fluctuations occur among the parallel tubes in the vertical water-cooled walls when the boiler remains under the minimum load of 180 MW for 13 days; in particular, in the front water-cooled wall of the boiler, the maximum temperature difference can reach nearly 160 °C at 15 m from left to right in Figure 4 . These large temperature differences adversely impact the safe operation of the utility boiler. Further research studies on the impact of these temperature differences are urgently needed. 
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Water-Cooled Wall Tube Temperature Variation and Temperature-Difference Distribution Analysis
To determine the tube temperature changes during the load fluctuation under operation, Figure  5 shows the water-cooled tube temperature distributions of 175 tube temperature measuring points at the front, left, back, and right vertical water-cooled wall for 13 days as the utility boiler remains under flexible operation. 
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To determine the tube temperature changes during the load fluctuation under operation, Figure 5 shows the water-cooled tube temperature distributions of 175 tube temperature measuring points at the front, left, back, and right vertical water-cooled wall for 13 days as the utility boiler remains under flexible operation.
As shown in Figure 5a , when the load is between 180 MW and 400 MW, the vertical tube temperatures at the front wall change considerably and fluctuate between 330 • C and 530 • C. When the load exceeds 400 MW, the tube temperatures fluctuate between 350 • C and 450 • C. The general temperature distribution trend is that as the load increases, the average temperature at each tube temperature increases and the temperature distribution range gradually decreases. Figure 5b shows the variation in tube temperature distribution at the left wall. When the load is between 180 MW and 350 MW, the tube temperatures fluctuates between 330 • C and 490 • C. This temperature distribution range is smaller than that at the front wall. When the load exceeds 350 MW, the tube temperature distribution range is below 450 • C. The overall variation trend of the left wall is consistent with that of the front wall. Figure 5c shows the change in the tube temperature distribution at the back wall. The temperature distribution increases with increases in the boiler load, and the temperature variation range is always maintained at 350 • C to 400 • C with the minimum temperature variation range among the four walls. Figure 5d shows the temperature variation at the right wall. The temperature increases with increases in the boiler load, and the tube temperature range is maintained in the range of 310 • C to As shown in Figure 5a , when the load is between 180 MW and 400 MW, the vertical tube temperatures at the front wall change considerably and fluctuate between 330 °C and 530 °C. When the load exceeds 400 MW, the tube temperatures fluctuate between 350 °C and 450 °C. The general temperature distribution trend is that as the load increases, the average temperature at each tube temperature increases and the temperature distribution range gradually decreases. Figure 5b shows the variation in tube temperature distribution at the left wall. When the load is between 180 MW and 350 MW, the tube temperatures fluctuates between 330 °C and 490 °C. This temperature distribution range is smaller than that at the front wall. When the load exceeds 350 MW, the tube temperature distribution range is below 450 °C. The overall variation trend of the left wall is consistent with that of the front wall. Figure 5c shows the change in the tube temperature distribution at the back wall. The temperature distribution increases with increases in the boiler load, and the temperature variation range is always maintained at 350 °C to 400 °C with the minimum temperature variation range among the four walls. Figure 5d shows the temperature variation at the right wall. The temperature increases with increases in the boiler load, and the tube temperature range is maintained in the range of 310 °C to 430 °C. The tube temperature range will fluctuate when the load ranges 300 MW to 400 MW, with the maximum temperature range being up to 120 °C.
Although Figure 5 shows the temperature fluctuations at the four sidewalls, the temperature differences at adjacent parallel tubes are not available. The adjacent tube temperature differences affect the thermal stress of the vertical water wall during flexible operation. Tube temperature differences are critical parameters for calculating the thermal stress. An equation is defined to evaluate the variation in the temperature differences during the operation as follows: Although Figure 5 shows the temperature fluctuations at the four sidewalls, the temperature differences at adjacent parallel tubes are not available. The adjacent tube temperature differences affect the thermal stress of the vertical water wall during flexible operation. Tube temperature differences are critical parameters for calculating the thermal stress. An equation is defined to evaluate the variation in the temperature differences during the operation as follows:
where ∆T-Tube temperature difference; T i -Tube temperature thermocouple i; T i−1 -Tube temperature thermocouple i − 1; i-Tube temperature thermocouple number from left to right at one side water-cooled wall as 1, 2, 3, . . . In Figure 6 , the tube temperature difference (∆T) distributions are given along the front, left, back, and right walls with changes in the boiler load. The temperature differences gradually decrease with increases in the boiler load. The temperature differences are higher at the front wall and left wall when the boiler load ranges from 180 MW to 350 MW; the maximum value of 160 • C appears at the front wall when the load is 180 MW. The temperature difference (∆T) remains between 50 • C and 160 • C when the load is less than 300 MW, i.e., a large temperature difference occurs at loads of less than 50% BMCR; this temperature difference exceeds the allowable parallel adjacent tube temperature difference (50 • C) according to the utility boiler water wall design rules. The effect of the temperature difference on the vertical water wall is crucial for the safety of the water-cooled wall and must be further clarified and analyzed. As shown in Figure 6b , a large great temperature difference occurs at the left wall. For the back wall, the temperature difference is far less than 50 • C, as shown in Figure 6c . For the right wall, the temperature difference differs from those of the front wall and the left wall; the highest temperature difference does not exceed 80 • C and is far less than that of the front wall and left wall. The temperature differences generally remain lower than 50 • C at the right wall.
appears at the front wall when the load is 180 MW. The temperature difference (ΔT) remains between 50 °C and 160 °C when the load is less than 300 MW, i.e., a large temperature difference occurs at loads of less than 50% BMCR; this temperature difference exceeds the allowable parallel adjacent tube temperature difference (50 °C) according to the utility boiler water wall design rules. The effect of the temperature difference on the vertical water wall is crucial for the safety of the water-cooled wall and must be further clarified and analyzed. As shown in Figure 6b , a large great temperature difference occurs at the left wall. For the back wall, the temperature difference is far less than 50 °C, as shown in Figure 6c . For the right wall, the temperature difference differs from those of the front wall and the left wall; the highest temperature difference does not exceed 80 °C and is far less than that of the front wall and left wall. The temperature differences generally remain lower than 50 °C at the right wall. Figures 5 and 6 show that the tube temperature differences at the front and left wall exhibit the largest fluctuations. According to the design rules for utility boiler vertical water walls, the adjacent vertical parallel tube temperature differences must be less than 50 °C, and the spiral parallel tube temperature differences must be less 80 °C. To maintain the safe operation of the vertical water wall, the thermal stress and cyclic stress at the vertical water wall areas under flexible operation must be analyzed. Figures 5 and 6 show that the tube temperature differences at the front and left wall exhibit the largest fluctuations. According to the design rules for utility boiler vertical water walls, the adjacent vertical parallel tube temperature differences must be less than 50 • C, and the spiral parallel tube temperature differences must be less 80 • C. To maintain the safe operation of the vertical water wall, the thermal stress and cyclic stress at the vertical water wall areas under flexible operation must be analyzed.
From Figure 7 , the tube temperature differences are selected from the lowest load (180 MW) to the highest load (600 MW); the temperature differences fluctuate from approximately 30 • C to 160 • C. In this paper, the real-time data from 7-12 January 2017 are selected as the temperature boundary conditions and loaded into the ANSYS finite element model to calculate the effect of the long-term minimum operating load on the thermal and cyclic stresses of the front water-cooled wall.
Energies 
The Reason for the Temperature Fluctuations at Front and Left Walls under Flexible Operation
Flexible operation is one of the stat-of-art researches of coal-fired power generation. The main research issues in current flexible boilers are how to reduce the minimum workload, increase the ramp rate, and increase the thermal efficiency of low loads. It is generally believed that the minimum load operation is mainly caused by two problems of low load combustion and low load hydrodynamic characteristics. According to the boiler manufacturer design regulation, temperature differences at adjacent parallel tubes in vertical water wall are less than 50 °C.
Through power plant experiments, it is found for the first time that thermal stress of the water-cooled wall is caused by the minimum load and long-term operation at the vertical water-cooled parallel tubes. This problem has not received sufficient attention from academic and industrial circles in the current papers on flexible operation at present. Therefore, the impact of this phenomenon on the two-phase flow distribution and lifetime of water wall are analyzed through two-phase flow experiment and the thermal stress of vertical water-cooled wall under flexible operation.
Why are the temperature fluctuations at the front and left walls so large in comparison to those of the other walls? Why are the temperature fluctuations higher at a low load? The front and left walls suffer from the highest heat flux distributions far from the average. The different heat flux distributions at the four sidewalls are demonstrated in Figure 8 . That means that the combustion center deviates from its original position because of the fullness with flue gas during flexible operation at a low load in Figure 8b . The heat absorption at the front and left water-cooled walls is greater than that at the back and right wall. There is higher heat absorption, and less of the flow rate is distributed at the higher temperature wall. It is necessary to conduct two-phase flow distribution and thermal stress and cyclic stress analyses to evaluate the safety and reliability at this area. 
Flexible operation is one of the stat-of-art researches of coal-fired power generation. The main research issues in current flexible boilers are how to reduce the minimum workload, increase the ramp rate, and increase the thermal efficiency of low loads. It is generally believed that the minimum load operation is mainly caused by two problems of low load combustion and low load hydrodynamic characteristics. According to the boiler manufacturer design regulation, temperature differences at adjacent parallel tubes in vertical water wall are less than 50 • C.
Why are the temperature fluctuations at the front and left walls so large in comparison to those of the other walls? Why are the temperature fluctuations higher at a low load? The front and left walls suffer from the highest heat flux distributions far from the average. The different heat flux distributions at the four sidewalls are demonstrated in Figure 8 . That means that the combustion center deviates from its original position because of the fullness with flue gas during flexible operation at a low load in Figure 8b . The heat absorption at the front and left water-cooled walls is greater than that at the back and right wall. There is higher heat absorption, and less of the flow rate is distributed at the higher temperature wall. It is necessary to conduct two-phase flow distribution and thermal stress and cyclic stress analyses to evaluate the safety and reliability at this area.
At In order to simulate the two-phase flow distribution at side wall in the minimum workload, the two-phase flow experiment is conducted at the water-cooled wall intermediate header under the minimum load. The two-phase flow distribution is seriously deviated, causing a huge two-phase flow deviation, and at this time, the boiler's flame fullness is reduced during the minimum load, and the furnace heat flux at water-cooled wall is also seriously uneven. These two deviations superimpose the boiler vertical water wall tubes. The internal two-phase flow distribution is far from the normal design tolerance, causing the large temperature difference thermal stress damage at the vertical water wall tubes. In order to simulate the two-phase flow distribution at side wall in the minimum workload, the two-phase flow experiment is conducted at the water-cooled wall intermediate header under the minimum load. The two-phase flow distribution is seriously deviated, causing a huge two-phase flow deviation, and at this time, the boiler's flame fullness is reduced during the minimum load, and the furnace heat flux at water-cooled wall is also seriously uneven. These two deviations superimpose the boiler vertical water wall tubes. The internal two-phase flow distribution is far from the normal design tolerance, causing the large temperature difference thermal stress damage at the vertical water wall tubes.
Gas or liquid flow ratio is defined as the ratio of the measured gas or liquid flow rate in certain parallel tubes over the average gas or liquid flow rate evaluated for uniform distribution. An equation is defined to evaluate the flow distribution in the parallel tubes at water wall intermediate header during the operation and the standard deviation coefficient (STD) is given to evaluate the uneven distribution of parallel tubes as follows:
where β-gas or liquid flow ratio; w-gas or liquid mass flow rate at certain parallel tube j; N-the total amount of parallel tube numbers; k-gas or liquid phase, g-means gas phase, l means liquid phase; j-parallel tube number. Gas and liquid flow ratios show the deviation of gas and liquid flow distribution at parallel tubes. The flow ratio is ideally 1, which means gas or liquid flow distribution equally at parallel tubes. Otherwise, the two-phase flow distribution becomes uneven. This coefficient can be used for evaluating and comparing the uniformity of two-phase flow distribution.
In order to analyze the two-phase flow distribution inside intermediate header, the header is modeled in Figure 9 . The two-phase flow distribution experimental facility is applied to simulate the inlet and geometrical structure of this header. Two torrent inlets are adopted to test the Gas or liquid flow ratio is defined as the ratio of the measured gas or liquid flow rate in certain parallel tubes over the average gas or liquid flow rate evaluated for uniform distribution. An equation is defined to evaluate the flow distribution in the parallel tubes at water wall intermediate header during the operation and the standard deviation coefficient (STD) is given to evaluate the uneven distribution of parallel tubes as follows:
In order to analyze the two-phase flow distribution inside intermediate header, the header is modeled in Figure 9 . The two-phase flow distribution experimental facility is applied to simulate the inlet and geometrical structure of this header. Two torrent inlets are adopted to test the two-phase flow distribution at this header. The inlet gas and liquid phase superficial velocities are applied at this header. The gas velocity is less than the normal velocity 15-20 m/s and the experimental gas velocities are setup among 2 to 9 m/s to simulate the actual gas velocities at intermediate header.
The experimental study of the two-phase flow distribution is shown in black and blue points in Figure 10 and the flow distribution are far from uniform, which the gas and liquid flow ratio is 1. The parallel tubes are far from −20% to +20%. The 9 m/s gas inlet deviation is reached at about −40% to +40%. The gas velocity at minimum value will increase the thermal deviation at certain parallel tubes and the tube may be overheated. At the same time, the gas velocity at maximum value may keep only the saturated temperature. The experiment answers the question of why there is very high thermal deviation at parallel tubes of water-cooled walls. Figure 10 and the flow distribution are far from uniform, which the gas and liquid flow ratio is 1. The parallel tubes are far from −20% to +20%. The 9 m/s gas inlet deviation is reached at about −40% to +40%. The gas velocity at minimum value will increase the thermal deviation at certain parallel tubes and the tube may be overheated. At the same time, the gas velocity at maximum value may keep only the saturated temperature. The experiment answers the question of why there is very high thermal deviation at parallel tubes of water-cooled walls. Based the operation data at vertical water wall tubes, ANSYS is applied to simulate the thermal stress during flexible operation. ANASYS results of the numerical simulation do confirm the existence of huge deformation in parallel tubes, which requires special attention in the future.
Thermal Stress and Cyclic Stress Analyses
Geometrical Model
For the 600 MW coal-fired power generation unit, the 2-m high front vertical water-cooled wall is chosen as the simulation element. In contrast to previous studies on parallel tubes, this paper mainly focuses on the thermal stress distribution at the front vertical water wall during long-term parallel tubes are far from −20% to +20%. The 9 m/s gas inlet deviation is reached at about −40% to +40%. The gas velocity at minimum value will increase the thermal deviation at certain parallel tubes and the tube may be overheated. At the same time, the gas velocity at maximum value may keep only the saturated temperature. The experiment answers the question of why there is very high thermal deviation at parallel tubes of water-cooled walls. Based the operation data at vertical water wall tubes, ANSYS is applied to simulate the thermal stress during flexible operation. ANASYS results of the numerical simulation do confirm the existence of huge deformation in parallel tubes, which requires special attention in the future.
Thermal Stress and Cyclic Stress Analyses
Geometrical Model
For the 600 MW coal-fired power generation unit, the 2-m high front vertical water-cooled wall is chosen as the simulation element. In contrast to previous studies on parallel tubes, this paper mainly focuses on the thermal stress distribution at the front vertical water wall during long-term Based the operation data at vertical water wall tubes, ANSYS is applied to simulate the thermal stress during flexible operation. ANASYS results of the numerical simulation do confirm the existence of huge deformation in parallel tubes, which requires special attention in the future.
Thermal Stress and Cyclic Stress Analyses
Geometrical Model
For the 600 MW coal-fired power generation unit, the 2-m high front vertical water-cooled wall is chosen as the simulation element. In contrast to previous studies on parallel tubes, this paper mainly focuses on the thermal stress distribution at the front vertical water wall during long-term operation at a peaking power plant under the minimum operating load. According to the operating data, when the boiler operates under minimum load, the local tube temperature difference in the front vertical tube panel can reach up to 160 • C.
To reveal the thermal and cyclic stresses, the front wall is reduced to a two-dimensional planar model of 20.355 m × 2 m, as shown in Figure 11a . In this simulation, the width of the front wall is 20.355 m and the height of the front wall is 2 m instead of the actual height because of the variations in tube temperature along the height of the front wall. The tube temperature is processed as a function along the width and as a constant along the height, as shown in Figure 11b . The finite element software ANSYS is used to analyze the thermal stress of the simplified model of the front wall.
The two-dimensional plane55 element is used in the thermal stress analysis. When the structure is analyzed, it is converted into a two-dimensional plane182 element and mapped by a structural mesh in Figure 11a . Figure 11b shows the tube temperature distributions. Figure 12 shows the instantaneous thermal stress distribution contour at the front wall when the measured tube temperature differences reach the maximum of 160 °C. The maximum thermal stress appears between the 44th and 45th tube temperature-measuring thermocouples at the front wall. The adjacent measuring temperature difference is presumed to be distributed linearly along the seven parallel tubes from 344 °C to 504 °C. According to the yield strength and allowable stress of the 15CrMoG material shown in Table 3 , the maximum stress is 228 MPa, which is higher than the yield strength of the material at 500 °C and considerably higher than the allowable stress at the same temperature; thus, permanent plastic deformation may occur locally. Regarding 15CrMoG, the shear stress from the thermal stress becomes larger in areas with higher tube temperatures, and local permanent deformation will occur according to the third strength theory. Local displacement may occur in this area; such displacement is not safe according to the mechanical design and engineering design standards. Figure 13 shows the thermal stress distribution at the top of the front wall along the width under the maximum thermal stress. As shown in Figure 13 , the thermal stress distribution exhibits a bimodal shape, and the thermal stress increases sharply at a distance of approximately 5 m from the middle of the front wall, reaching a maximum value of 228 MPa. This maximum thermal stress is greater than the yield strength of the material. 
Thermal Stress and Cyclic Stress Results and Analysis
Planar Stress Equation
The mathematical model can be processed as a planar stress problem, allowing the planar stress equation to be constructed as follows:
According to the differential equation, the thermal stress along the front water-cooled wall can be solved based on the material properties and boundary conditions using the finite element software ANSYS. Because the thickness at the water-cooled walls is of a significantly smaller scale than the height and width, a 2-D approach is applied to simulate the stress distribution in this area instead of a 3-D analysis.
Material Properties
The water-cooled wall material is 15CrMoG, whose material yield strength, allowable stress, elastic modulus, and other physical properties are provided in Table 3 [20] . The yield strength data of the 15CrMoG (Table 3) has been obtained from the elastic modulus and thermal expansion data in the temperature range from 20 • C to 600 • C. 
Boundary Condition
The operating data of the power plant provide the tube temperature distributions along the parallel vertical tubes. This paper mainly studies the thermal stress caused by the temperature Energies 2019, 12, 1170 12 of 18 differences among the adjacent vertical water-cooled tubes and does not consider the influence of the mechanical stress caused by the inner pressure. When the tube temperature distribution condition is applied, the temperature data are introduced to the two-dimensional planar model according to the operating data. The centerline of the front wall is a man-made zero displacement of the utility boiler. A displacement constraint in the X direction is imposed on the centerline of the water-cooled wall in the finite element model. A displacement constraint in the Y direction is applied at the top line such that the front wall can expand freely downward along the Y direction. The tube temperature is distributed along the length of the planar model linearly. The instant temperature boundary condition is shown in Figure 11 based on the real time measuring data from the DCS. Figure 12 shows the instantaneous thermal stress distribution contour at the front wall when the measured tube temperature differences reach the maximum of 160 • C. The maximum thermal stress appears between the 44th and 45th tube temperature-measuring thermocouples at the front wall. The adjacent measuring temperature difference is presumed to be distributed linearly along the seven parallel tubes from 344 • C to 504 • C. According to the yield strength and allowable stress of the 15CrMoG material shown in Table 3 , the maximum stress is 228 MPa, which is higher than the yield strength of the material at 500 • C and considerably higher than the allowable stress at the same temperature; thus, permanent plastic deformation may occur locally. Regarding 15CrMoG, the shear stress from the thermal stress becomes larger in areas with higher tube temperatures, and local permanent deformation will occur according to the third strength theory. Local displacement may occur in this area; such displacement is not safe according to the mechanical design and engineering design standards.
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the DCS. Figure 12 shows the instantaneous thermal stress distribution contour at the front wall when the measured tube temperature differences reach the maximum of 160 °C. The maximum thermal stress appears between the 44th and 45th tube temperature-measuring thermocouples at the front wall. The adjacent measuring temperature difference is presumed to be distributed linearly along the seven parallel tubes from 344 °C to 504 °C. According to the yield strength and allowable stress of the 15CrMoG material shown in Table 3 , the maximum stress is 228 MPa, which is higher than the yield strength of the material at 500 °C and considerably higher than the allowable stress at the same temperature; thus, permanent plastic deformation may occur locally. Regarding 15CrMoG, the shear stress from the thermal stress becomes larger in areas with higher tube temperatures, and local permanent deformation will occur according to the third strength theory. Local displacement may occur in this area; such displacement is not safe according to the mechanical design and engineering design standards. Figure 13 shows the thermal stress distribution at the top of the front wall along the width under the maximum thermal stress. As shown in Figure 13 , the thermal stress distribution exhibits a bimodal shape, and the thermal stress increases sharply at a distance of approximately 5 m from the middle of the front wall, reaching a maximum value of 228 MPa. This maximum thermal stress is greater than the yield strength of the material. Figure 13 shows the thermal stress distribution at the top of the front wall along the width under the maximum thermal stress. As shown in Figure 13 , the thermal stress distribution exhibits a bimodal shape, and the thermal stress increases sharply at a distance of approximately 5 m from the middle of the front wall, reaching a maximum value of 228 MPa. This maximum thermal stress is greater than the yield strength of the material. Figure 14 shows the thermal stress distribution in the X-direction of the front wall under the maximum tube temperature difference. The maximum value appears at the bottom of the mesh area. The maximum value is 191 MPa, which is tensile stress and is greater than the allowable local stress strength. As shown in the top of Figure 14 , the blue area suffers from a compressive stress of 78.5 MPa. In selected areas, the top vertical water walls suffer from compressive stress and the bottom vertical water walls undergo tensile stress in the X direction; Figure 15 shows the thermal stress distribution in the Y direction of the front wall under the maximum tube temperature difference. A larger tube Figure 14 shows the thermal stress distribution in the X-direction of the front wall under the maximum tube temperature difference. The maximum value appears at the bottom of the mesh area. The maximum value is 191 MPa, which is tensile stress and is greater than the allowable local stress strength. As shown in the top of Figure 14 , the blue area suffers from a compressive stress of 78.5 MPa. In selected areas, the top vertical water walls suffer from compressive stress and the bottom vertical water walls undergo tensile stress in the X direction; Figure 15 shows the thermal stress distribution in the Y direction of the front wall under the maximum tube temperature difference. A larger tube temperature difference will cause higher thermal stress in this area. The maximum compressive stress is 228 MPa in the area with the highest tube temperature. The maximum tensile stress is 119 MPa. The shear stress of this area exceeds the allowable stress and yield strength of the material. Residual stress may occur in this area because of the local deformation. Figure 14 shows the thermal stress distribution in the X-direction of the front wall under the maximum tube temperature difference. The maximum value appears at the bottom of the mesh area. The maximum value is 191 MPa, which is tensile stress and is greater than the allowable local stress strength. As shown in the top of Figure 14 , the blue area suffers from a compressive stress of 78.5 MPa. In selected areas, the top vertical water walls suffer from compressive stress and the bottom vertical water walls undergo tensile stress in the X direction; Figure 15 shows the thermal stress distribution in the Y direction of the front wall under the maximum tube temperature difference. A larger tube temperature difference will cause higher thermal stress in this area. The maximum compressive stress is 228 MPa in the area with the highest tube temperature. The maximum tensile stress is 119 MPa. The shear stress of this area exceeds the allowable stress and yield strength of the material. Residual stress may occur in this area because of the local deformation. To verify the simulation, the vertical water wall expansion at the front wall is shown in Figure  16 . This figure illustrates the expansion at the sidewall under the complex tube temperature distribution. The front wall expands downward according to the design of utility boiler. The boundary condition is proven to follow the actual condition. To verify the simulation, the vertical water wall expansion at the front wall is shown in Figure 16 . This figure illustrates the expansion at the sidewall under the complex tube temperature distribution. The front wall expands downward according to the design of utility boiler. The boundary condition is proven to follow the actual condition. Figure 15 . Thermal stress contour of the Y direction under the highest tube temperature difference.
To verify the simulation, the vertical water wall expansion at the front wall is shown in Figure  16 . This figure illustrates the expansion at the sidewall under the complex tube temperature distribution. The front wall expands downward according to the design of utility boiler. The boundary condition is proven to follow the actual condition. As shown in Figure 17 , when the boiler operates at a load of 180 MW, the maximum shear stress appears and reaches 228 MPa according to the third strength theory. The shear stress array for this point is simulated in Figure 17 , where the power output changes over time. The shear stress impacts the cyclic stress of the front wall considerably. The thermal stress and cyclic stress of the most dangerous point at the front wall could be estimated, and the influence of the flexible operation on the lifetime consumption of the water-cooled wall can be further evaluated. As shown in Figure 17 , when the boiler operates at a load of 180 MW, the maximum shear stress appears and reaches 228 MPa according to the third strength theory. The shear stress array for this point is simulated in Figure 17 , where the power output changes over time. The shear stress impacts the cyclic stress of the front wall considerably. The thermal stress and cyclic stress of the most dangerous point at the front wall could be estimated, and the influence of the flexible operation on the lifetime consumption of the water-cooled wall can be further evaluated. 
Cyclic Stress Analyses
The fatigue lifetime consumption from the S-N fatigue curves for the water-cooled wall is estimated using the thermal stress values obtained during the cycling simulation. The estimation is performed by applying the material fatigue curve according to ASME Boiler and Pressure Vessel 
The fatigue lifetime consumption from the S-N fatigue curves for the water-cooled wall is estimated using the thermal stress values obtained during the cycling simulation. The estimation is performed by applying the material fatigue curve according to ASME Boiler and Pressure Vessel Code Section VIII Pressure Vessel-Division 2-Alternative Rules.
On the basis of the boiler pressure parts and lifetime evaluation method, the fatigue lifetime at the front wall is estimated [21, 22] . After the maximum cyclic stress amplitude occurs, the desired cycle number N is calculated according to Figure 18 ; N is then multiplied by the ratio of the elastic modulus given in the design fatigue curve to obtain the elastic modulus E of the analyzed material as follows:
where σ a -actual cyclic stress amplitude; σ aij -cyclic stress amplitude; E d -elastic modulus given by the design fatigue curve, E d = 2.068 × 10 5 MPa; E-elastic modulus of the object material, in MPa. When the temperature is 350 • C, the elastic modulus of 15CrMoG is E = 1.76 × 10 5 MPa. When the temperature is 500 • C, the elastic modulus is E = 1.63 × 10 5 MPa. In fact, the fatigue curve from ASME Boiler and Pressure Vessel Code Section VIII Pressure Vessel-Division 2-Alternative Rules is suitable for temperatures below 370 • C. 
where σa-actual cyclic stress amplitude; σaij-cyclic stress amplitude; Ed-elastic modulus given by the design fatigue curve, Ed = 2.068×10 5 MPa; E-elastic modulus of the object material, in MPa. When the temperature is 350 °C, the elastic modulus of 15CrMoG is E = 1.76×10 5 MPa. When the temperature is 500 °C, the elastic modulus is E = 1.63×10 5 MPa. In fact, the fatigue curve from ASME Boiler and Pressure Vessel Code Section VIII Pressure Vessel-Division 2-Alternative Rules is suitable for temperatures below 370 °C. Figure 18 . ASME fatigue design curve. Figure 18 . ASME fatigue design curve.
As shown in Figure 17 , the maximum stress amplitude is 75. The cyclic thermal stress will consume the additional lifetime of the water-cooled wall and cannot be ignored. The fatigue lifetime consumption at different thermal states is listed in Table 4 . The cyclic stresses at different operation states and flexible operation are compared in Table 4 . The fatigue limit does not exceed 91.93 MPa for the cold, warm, hot, ultra-hot, load following, and flexible operation operating states. The cyclic amplitude under flexible operation is far higher than those under the other operation states. To ensure the safety of the vertical water wall, the cyclic lifetime consumption at the minimum load under the flexible power generation mode must be given particular attention. The thermal cyclic stress may exceed the stress at the cold state operation. The minimum load should be further limited in the flexible operation mode. The limitation may be related to the furnace combustion uniformity and the two-phase flow distribution inside the intermediate header before the vertical water wall. As a result, further investigations are required.
Conclusions
(1) When the boiler is operated at the minimum load of 180 MW for a long time in the flexible power generation mode, tube temperature difference fluctuations may occur among the parallel tubes. The maximum tube temperature difference among seven parallel tubes reaches 160 • C. The tube temperatures fluctuate mainly in the front wall and the left wall, whereas the tube temperature difference at the back and right walls remain relatively stable. The tube temperature difference decreases with increases in the boiler load. The most dangerous tube temperature differences occur when the boiler is operating under a load of 180 MW to 350 MW.
(2) When the boiler operates under the lowest load, the thermal stress reaches up to 227 MPa, which is greater than the yield strength of the material and may locally produce permanent plastic deformation. A greater local tube temperature difference results in a higher thermal stress. The safety of the water wall is strongly related to the tube temperature difference control. A more detailed tube temperature monitoring system may be required.
(3) When the boiler operates under the lowest load, the maximum stress amplitude reaches up to 103.03 MPa. Through the fatigue cycle calculation, the maximum stress amplitude caused by flexible operation under a load of 180 MW is larger than the fatigue limit of the material, causing the fatigue lifetime to be less than 106 and additional fatigue damage to occur. In the future, more attention must be paid to the water wall tube temperature during flexible operation. 
